A detailed mechanism for the oxidation of benzene is presented and used to compute experimentally obtalned concentration profiles and Ignltlon delay tlmes over a wide range of equivalence ratio and temperature. The computed results agree qualitatively with all the experimental trends. Quantitatlve agreement Is obtained with several of the composition profiles and for the temperature dependence of the ign|tlon delay tlmes. There are Ind|catlons, however, that some Important reactlons are as yet undiscovered in this mechanism. Recent literature expressions have been used for the rate coefficlents of most important reactions, except for some involving phenol. The dlscrepancy between the phenol pyrolysis rate coefficlent used in this work and a recent |Iterature expression remains to be explained. a high -temperature turbulent flow reactor. A more comprehensive set of concentratlon profiles for benzeneox1datlon In the samereactor was recently reported by Lovell et al. (1988).
INTRODUCTION
The major importance of aromatic hydrocarbons in practlcal engine fuels has made It imperative to increase our understanding of the oxidation mechanism of these compounds.
Thls knowledge is necessary for controlling the combustlon and emission characteristics of all gas turbine combustion systems. The simplest aromatic, benzene, has been studied in several recent papers (Venkat et al., 1982 , McLaln et al., 1979 , Kern et al., 1984 , Hsu et al., 1984 . A review paper on aromatic hydrocarbon oxldatlon (Brezlnsky, 1986) qualitatively outlined a benzene oxldatlon mechanism and presented a limited number of experimentally measured profiles for one benzene-oxygen-nitrogen oxidation in by Brabbs (1988) was used In these computations.
Thls mechanism was obtained by matching experimental ignition delay times in a shock tube under conditions similar to those being used in the present study.
A complete ]Istlng of the reactlons and rate coefficients used Is given in table I.
One of the important reactions added to the mechanism of Brezinsky (1986) Is C6H 6 + C6H 5 = Cl2HlO + H
It has recently been studied by Fahr and Steln (1988) and had a significant Impact In obtaining agreement between computed and experimental results.
As an additional source of H atoms, thls reaction increased the importance of the main hydrogen-oxygen branching reaction H + 02 = OH + 0 (102) Reaction (I02) was one of the important steps in the benzene oxidation for all the experimental conditions studled In thls work. Other significant reactions are the attack upon benzene by the radlcal pool of O, OH and H species and a]so the reaction of pheny] radical (C6H 5) with molecular oxygen. These are:
C6H 6 + H = C6H 5 + H2 (4) C6H 6 + 0 = C6H50 + H (5) C6H 6 + OH _ C6H 5 + H20 (6)
C6H 5 + 02 = C6H50 + 0
As discussed by Brezlnsky (1986) and Nlcovlch et al. (1982) , reaction (5) is an addition process whose final products could be either those given or else phenol. The displacement of a ring hydrogen by oxygen would seem to be a slmpIer procedure than the rearrangement of the adduct to form phenol.
Therefore, the reaction has been wrltten as the chain-branchlng process.
The reactions of the cyclopentadlenyl radical, C5H 5, have been written to conform to the new experimental results of Lovell et al. (1988) . Their results for benzene oxidation In the presence of NO 2 Indicated that C5H 5 reacts with the radical pool (0 and OH) rather than wlth molecular oxygen. Therefore the radlcal plus C5H 5 reactions suggested by Brezlnsky (1986) have been used.
The formation and destruction reactions of phenol (C6H5OH)have been studied In the recent work of He et a1. (1988) and Lovell et al. (1989) . The latter investigators studied the phenol pyrolysis in the sameflow reactor used for the benzene oxidation studies described by Lovell et al. (1988) . The mechanismand rate coefficients they report were used as the starting point for selectlng the reactions Involvlng phenol. This species is formed in the benzeneoxidation by the reverse of reaction (12) C6H50H _ C6H50+ H
Reaction (12) exerts an Inhibiting effect on the oxidation and the high rate coefficient given by Lovell et al. (1989) et al. (1986) were used for our comparisons. A11 data for equlvalence ratio of 0.25 were excluded, because examination of the pressure traces showed that the pressure rlse was very poorly defined for these weak ignitions. In addition, a11 Ignition delay times less than I00 psec were excluded because pressure disturbances which cause nonuniform heating of the gas behind the reflected shock contribute too hlgh a percentage error to these short ignition delay times (Brabbs and Robertson, 1986) . To match the experiment, the computed ignition delay tlme, _p, was obtained from each computed pressure versus tlme plot. The computations were performed assuming a constant volume batch reaction zone behind the shock wave. For each data point a computed Ignition delay t|me was obtained from the computed pressure profile and was defined as the reaction tlme for a 5 percent rlse in pressure. Thls method gave temperature Increases between 30 and 50 K. It was considered to be a satisfactory approximation to the experimental technique, which involved the reading and Interpreting of photographic pressure traces.
Four mixture conditions amongthree equivalence ratlos were studled. The experimental conditions for each mixture are given in (12) and (102) are the most Important ones which affect the ignition delay tlme as measured by pressure rise.
Reactions (8) and (I02) accelerate the Ignltlon while reaction (12), which goes in reverse to form phenol, retards the Ignltlon.
These are the same reactions that were found to be most sensltlve In determining the composition profiles for benzene oxidation at lower temperature in a flow reactor. These computations show that the H + 02 recomblnatlon reaction Is one of the rate controlling steps up to a temperature of 1363 K but decreases In importance as the temperature is raised to 1435 K. As was observed for the flow reactor oxldatlons, thls process accelerates the The activation energy was taken as the heat of reaction and the preexponentlal factor was varied from l.OxlO 4 to l.OxlO 13 Computations showedthat thls reaction had no effect on any varlable profile.
In a separate set of computations the reaction between benzeneand molecular oxygen was wrltten as an addition and rearrangement process to give products phenoxy and hydroxyl radlcals C6H 6 + 02 _ C6H50+ OH
AH = 2.3 Kcal/mol
Both the minimumactivation energy of 2.3 Kcal/mol and a higher value of 10 Kcal/mol were assumedand the preexponentlal factor was varied over a wide range. This reaction had a strong accelerating effect on the oxidation. When
It was used wlth the Lovell mechanismfor phenol reactions, thls reaction overcame the strong Inhlbltlng effect of the high phenol reactlon rate coefficients. However, the oxldatlon process becametoo fast, and extremely poor concentration profiles and Ignltlon delay tlmes were obtained. This reaction was, therefore, abandoned.
CONCLUDING REMARKS
A mechanismfor benzeneoxidation has been presented whlch explains qualitatively all the observed trends of experimental concentration profiles and ignition delay times over a range of equivalence ratio from 0.50 to 2.0.
The computations wlth this mechanism also quantltatlvely match much of these data. However, It Is clear from our comparisons of computed and experlmental results that thls mechanism still must be improved to obtain agreement between computation and experiment and resolve questions about the rate coefficients of reactions involvlng phenol. The need for additlonal reactions is indicated by the fact that the computatlons underpredict the experimental results for some equivalence ratios and overpredict them for other equivalence ratios. CsH 6 + 0 = CsH50 + H C6HsOH + OH = C6H50 + H20 C5H50 = C4H 5 ÷ CO CsH S * 0 = CsHsO C5H 5 + OH = CsH40H , H CsH40H _ C4H 4 + HCO CsH 5 + HO 2 = C5H50 + OH 2 C6H 5 = CI2HIo C4H S = C2H 3 + C2H 2 C4H2 * 0 = C2HO + C2H C4H2 + 0 = CO ÷ C3H 2 C4H 2 + OH = HCO + C3H 2 C2H 4 + M = C2H2 + H2 C2H 4 + OH _ C2H 3 + H20 C2H 4 + 0 = CH 3 + HCO C2H 4 + 0 = CH20 + CH 2 C2H 4 ÷ OH = CH 3 + CN20 C2H 3 + M = C2H2 + H + M C2H 3 + 02 = CH20 + HCO C2H3 + H _ C2H 2 + H2 C2H 3 + OH _ C2H 2 + H20 C2H 3 + CH 2 = C2H 2 + CH 3 C2H 3 ÷ C2H = 2 C2H2 C2H3 + 0 _ C2H20 + H CH 2 + CH 2 = C2H 2 + H2 CH2 + CH2 = C2H 3 + H CH 2 + OH = CH + H20 CH 2 • 0 = CH + OH CH 2 + 02 = CO 2 + 2H C2H 2 * M = C2H + H C2H 2 + C2H 2 = C4H3 + H C2H 2 + 0 = CH 2 + CO C2H 2 + 0 = C2HO + H C2H 2 ÷ OH = C2H + H20 C2H 2 + OH = C2H20 + H C2H 2 ÷ C2H = C4H 2 + H C2H 2 + CH 2 = C3H 3 + H C3H4 ÷ M = C3H 3 + H + N C2H20 ÷ OH = CH20 + HCO C2H20 + OH = C2HO + H20 C2H20 + H = CH 3 + CO C2H20 + H = C2HO + H2 C2H20 + 0 = C2HO ÷ OH C2H20 ÷ 0 = CH20 + CO 1 -5.8 -8.4 -13.9 -48.7 -50.6 -46.6 -45.3 -46.5 -47.9 -36.3 -41.5 4 -1.2  -1.0 --.0.8 -0 A detailed mechanism for the oxidation of benzene is presented and used to compute experimentally obtained concentration profiles and ignition delay times over a wide range of equivalence ratio and temperature. The computed results agree qualitatively with all the experimental trends. Quantitative agreement is obtained with several of the composition profiles and for the temperature dependence of the ignition delay times. There arc indications, however, that some important reactions are as yet undiscovered in this mechanism. Recent literature expressions have been used for the rate coefficients of most important reactions, except for some involving phenol. The discrepancy between the phenol pyrolysis rate coefficient used in this work and a recent literature expression remains to be explained.
